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THE MICROSTRUCTURE OF CLOUDS

Ye. S. Selezneva
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Among the broad problems of cloud physics and precipitation, perhaps
the most neglected are those on microphysics. For the past 10-15 years,
our information has been supplemented by the used of aviation in the -study
of atmospheric processes and by the development of laboratory experiments.
Despite this, however, factual data is completely lacking and no methods
have been devised for obtaining it on some elements of cloud microphysics
(e.g., data on the size of condensation muclel, the electric charge of
drops, etc.); on other elements such as the amount of water and number of
particles only approximate values have been obtained.

In this paper, only & few of the microphysical properties of clouds
-~ drop size, amount of water in clouds, and number of drops per unit vol-
ume -- can be considered.

The most definite and relisble data is that on the microstructure of -
cloud droplets; the average size was repeatedly determined by diffraction
rings and later distribution curves were obtained with the help of micro-
scopic measurements. -

The first measurements of cloud elements in the Soviet Union were
made in the Gagry expeditions of the Leningrad Institute of Experiméntal
Meteorology in 1935 - 1937 ("Problems o. Experimental Meteorology,” Trudy
NIU GUGMSSSSR, Series I, No 1, 1941). In 1939, some observations were -
organized on cloud microstructure in the El'brus expedition of the Acad-

émy " of Sciences USSR (by groups of the Leningrad Institute of Ebcperimental
Meteorology and Ieningrad State University) at altitudes of 3,000 to 4,250
meters. In these works, detailed observations were made of the type of
cloudiness at the lower points as it was important to relate the structural
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characteristics to cloud typas. The same set of microphysical observa-
tions was repeated in 1940, and it was suggested that these studies be
continued. In 1940 and 1941, measurements were begun on cloud drops
from airplanes andballoons (Leningrad Institute of Experimental Meteor-
ology and the Central Aerclogical Observatory). Therefore, the first
results of the El'brus expedition in 1939 were considered preliminary
and were given only in a short paper published recently (Ye. S. Selezneva,
n"oloud Structure According to Observations Mude in the El'brus Expedi-
tion of 1939," Trudy NIU GUGMS SSSR, Series 1, No T, 1946).

N Meanwhile data on measurements made in other countries has appeared.
In 1939, studies of clouds were organized in France at the peak of Puy-
de-Dome; the cloud type was determined at a station at the foot of the
mountain (I. Bricard, "Study of the Constitution of Cloudes at the Summit
of Puy-de-Dome," La Meteor., Mar/Apr 1939). After the war, we became
acquainted with the results of special flights in different clouds over
Germany in 194%0-k1l (M. Diem, "Measurement of the Size of Cloud Elements,

Ann. d. Hydr., 1942).

The main characteristics which we obtained on El'brus were con-
firmed, but it is now useful to reconsider and supplement them with the
data of the above studies.

The method of microphotography of sample drops taken from clouds on
an chject gless covered with & fine oil £1lm was used on El'brus. The
characteristics and variations of this method have been described repeat-
edly and will aot be considered in this article. We polnt out only that
there are boundaries with respect to both large and small drops for the
method of microphotography used at present. . The lower boundary (for very
small drops) ir established by the resolving power of the microscope, the
properties of the film, and the method of taking the drop samples from
clouds. Crdinarily, drops of diameter 1-1.5 microns are the smallest
drops which can be measured in microphotography. Large drops flatten out
whenr they fall on the object glass and also deform rapidly because of
coalescence, so that drops with diameters of 100 to 200 microns are meas-
ured inaccurately.

These last remarks should be kept in mind in evaluating the results
of measurements and in constructing distribution curves of drops. We
could assume that there are in clouds & great number of very small newly
forming or already evaporating droplets, and then the form of the dis-
tribution curves might be different than that which is given below for
accurate ultramicroscopic measurements, i.e., the maximum of the curve

: might lie in the region of drops up to one micron. Khvostikov found con-
iy firmation of this assumption in -optical studies (I. A. Khovostikov, “Some
Problems of the Optics of Fogs," Iz Ak Nauk S5SSR, Ser Geograf i Geofiz,

No 3, 1942). However, there is not complete confidence now in this theory
of ultrasmall drops permanently persent in clouds, since such drops can
ex]ss according to thermodynamic considerations for only a short time as
transitory phencmena; they rapidly grow larger under favorable conditions
or else eveporate completely. Consequently, & great number of very small
embryo drops can be assumed only for newly forming clouds.

Thus, we accept thet cloud drops with diameters from 1 to 100 microns
have now been reliebly investigated, and we will discuss these drops. h
First, we will compare the results obtained at El'brus, on Puy-de-Dome,
’ and in one other study (B. V. Kiryukhin, "Evaporation of Water Droplets
’ and Water Solutions of Salts,"” Trudy NIU GUGMS SSSR, Series 1, No 1, 1946),
as shown in Teble 1.
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Tseble 1. Predominant Sizes of Dreps in Clouds (diasmeter in microns)

Cloud El’'brus Pay-~de-Done Free Atmosphere Over Germany

St 5-10 8 6-9
Cu 7-10 11 7
Sc - 15 9
Ns 15 20 22

We note that drops of diameter 5-10 microns predominate in St and
Cu clcuds, while somewhat larger drops are found in Cb and Ns. In
other types cf clouds {Cu cong, Sc; Ac) the drcps are of somewhat inter-
mediate sizes, but change considerably for different cases. The drop
size may also fluctuate somewhai{ at different heights for the same cloud.
Careful processing generally shews that the difference in average (or
modal) drop sizes in different types of clouds can be revealed only by
averaging mweny measurements. The distribution curves of drops are more
descriptive.

We constructed distribution curves by the usual method according to
frequencies of different sizes of drops. For some purposes (e.g., evalu-
atingthe water content of clouds and fogs). Houghton deyived curves of
reiative volumes with ccordinates dismeter (or radius), and v~ 5 ‘{',Jgﬁ
relative volume, where n; is the frequency; for other tasks (e.g8., e
cptical studies), 1t 1s useful to consider curves constructed for sur-
faces or crous-sectionsl areas (S =kd®n). Some remarks will be made
later on relatlve volume curves, but we now oonsider the ordinary distri-

bution curves shewn in Figures 1, 2, 3, and 4.

The majority of cloud types are characterized by simple distribution
curves with one sharp maximmm. Structrual differences appear in the kur-
tosis and skewness of the curves, e.g., sometimes these curves have low
dispersion and are almost symmetric (Figure 1), while in other cases the
msximun is smoothed out and the curve is sharply r=ight-skewed (Figure 2).
In addition to simple distribution curves, however, there are frequently
the more complex, with two or several modal peaks {Figures 1 and 3).
Houghton (H. G. Houghton and W. H. Radford; "On the Measurement of Drop
‘Size and Liquid Water Content in Fogs and Cloud: " Phys. Oceanogr. and
Meteor., Mass. Inst. of Techn., Vol 6, No 4, 1930) feels that a regular
curve having a unique maximur is alwdys obtained when the number of par-
ticles measured is sufficient (at least 1,000). However, the El'brus
observetions and airplane data confirm the reality of multimodal curves,
and only because the ¢urves with cne maximum predominate is this form re-
tained for averaging and summing & number of cases, pervicularly when
relating to different cloud types.

At first 1t was supposed that nonuniform drop sizes were created -
by .the different types and sizes of condensation muclei. Condensation
covers nuclel gradually, at first the larger and more active and then
the smaller and. iess active with respect to physicochemical properties
the drops forming under these conditions should be of different sizes.
This opinion was supported by such authorities on problems of atmos-
pheric condensation as Kohler and Schmeus.- Now we look at this problem
from & slightly different standpoint. Simple calculations show that _
for the same atmospheric conditions, drops which are initially nonuniform
will after a certain time become close in size, since the drop radius -
increases nonuniformly (the increase slows down with increasing r) in the
condensation process.
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I2t us use a formule which was obta;Lnéd by & number of authors
(Ye. S. Selezneva, "Condensation Nuclei in the Atmosphere," Trudy NIU
GUGMS SSSR, Series 1, No 7, 1946; T. Bergeron, "Lectures on Clouds,"

Izd TsUEGMS, 193h4):
’ f12=/'/2+d(£/——£®)t

where ry i3 the initial radius of'the drop or condensation nuclei,

ro 1s.the drop radius after a time t seconds; E. 1s the water vapor
pressure over the drop, E, is the saturation tension over the flat
water surface, and a 1is a ccefficient depending on & number of factors.

From experimental data, Bergerca obtained a  (1/2.3) x 10'6. Tak-
ing this value and assigning values to A E, vhich equals Ep - E,, ; We

draw up Table 2.

Tsble 2. Final Drop Radius {r,) for Verious A E's
" for Time Intervals of 10, 100, and 1,000 Seconds

AE(g/u3)
0.1 0.01 0.005
ry {(micronms) t seconds

is 100 10600 10 160 1000 10 100 1000

6.5 20.7 65.6 2.1 6.6 20.7 1.5 k.6 14.7
6.6 20.8 65.6 2.3 6.6 20.8 1.8 4.7 1.7

12.0 23.0 65.3 10.2 12,0 23.0 10.2 17.7

Thus, for a temperature cf shout 10° and supersaturations of 1.5 to 2%
(AE=0.1 g/cu m), drop radii vhich differ by a factor of 100 initially
become equal after several minutes. Even for lower supersaturations
which are closer to actual atmespheric conditions » small droplets which
have just been created become equal to the larger drops after 10-20 min-
utes.

Therefore, 1t seems that the modal size of cloud drops is determined
by the conditions of water vapor condensation and the time of operation
of this process; i.e., is primarily scue function £(AE, t). Secondary
‘maxima of the distribution curve are explained naturally by coalescence
‘processes, but not by the sizes of condensation muclei. In connection
with this, it is interesting to recall the drop-mass relations established
by Kohler, which are usuelly cited in basic meteorological texts such as
Obolenskiy's Kurs Meteorologii, A Course in Meteorology.)

The lew of multiples was first noted for rain drops by Defant, who
cbserved thet the weight of drops was usually related as 1:2:3:4:6:8:12,
etc. Iater it was found that this series was composed of four groups of
drops, nemely:

1: 2: L4: 8: 16:

13 3: 6: 12:

3
1: 5: 10: 20:
T3

| 14 28:°
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The same welght relaticnship was found by Kohler (H. Kohler, "In-
vestigations of the Clements of Fogs end Clouds," Medd fran. Stat. Met.
Hydr. Anstalt.; No 2, 5, 1975) for cleud droplets; but as a result of
more detailed processing, he was sble to expiess the relationship be-
tween drop sizes as r= B.2%, where n=1, 2, 3 v.uovuy, r 15 the the drop
radius, and B is5 the reference drop which had to be determined from ex-
perimental data. Iater, Kchler further refined the formula to the form
r= 312§ ,2§- where p is an integer cn which B= Iy 3 depend-~.

On the basis cf the law of multiples, Kchler concluded that drops
of equal size coalesce u1 peirs; th's conclusion alsc vwas incorporated
in meteorolegical literature.

Contemporary idess cu cisud processes de nct agree with Kchler's
law. Aleng with the fact that the probsbility of ceslescence of drops
of unequal size 1s high. condensation and evapcration processes also
affect the size of drops. Nonetheless, there is some interest in cal-
culating the recently cbtained curves of drcp-mass distribution. For
this purpose, seversl cases were selected which had sharply defined se-
condary maxima on the osdinary distributicon curve, Calcrlations showed
that the maxima were scmetimes quite clcse to multiple-mass values. Fo.
exampie, in two cases, the maximem drop weights were as follows: (ll
1.8, 5.2, 11.5, 25.7-1010; (2) 2.7. 5.2, 3.1, 1k.6, 36.0, 48.4-10-10

Thus; although these masses were nob exact multiplies; values of
n, p, snd B might be selected in & aumber of cases which would with the
proper processing give vaiues of r gquite clcse to those expressed by the
Kchler formula for certain intervals. In the numerous cases where the
distribution curves have only one msximum, there is no hint of drop-mass
multiples. It follows therefore than Kobler®s law is not general for
clouds snd may bave cnly limited application.

The distributicn curves have the following characteristics with
respect to cloud types: naxrow unimodal curves {Figures 1 and 3) are
characteristic of Cu and local St; wnimodal curves with the maximum
toward small drop sizes are also characteristic of As and Az, but un-
like the types first menticned, the latter curves are freguently heavily
right-skewed (Figure 2).

Ns 1s characterized by simple high-kurtosis curves with modes tc-
ward the larger drop sizes (about 20 microns) or by complex multimodal
CUrves. '

Interestingly enough, a distribution curve with two or more maxima
is always obtained for St {or FrSt, since they cannct always be distin-
guished in the mowntains) and Sc in combination with other clouds (us-
ually with Ns Ac, or Cb). This was observed in the El'brus expedition
(St - Group II) and in airplane tests. Nothing definite is known about
what causes secondary maxima in.these types, but apparently they are not
caused by a drop falling from the upper layer of clouds. Diem pointed
out that there is usually & considerable cloudless intervel between the
lower and upper cloud which is sufficiently dry to evaporate falling
dreops. These secondary maxima are apparently caused by the state of the
medium and processes in the lower cloud layer. During cbservations on
Fl'brus in 1940, the remark "The fog passes in waves which are nonuni-
form in density" was made in all cases of St - Group II. Other weather
nctes indicate that this was a case of bad weather with considerable
gustiness; consequently, the growth of drops under these conditions might
be due to turbulence.
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iiterature io the Houghton curves men-
tioned previously. The maxims of Lhese cuxves do not coincide with the
mexima of the distribution curves vut are displaced toward larger drop
sizes. The meximum oo the curve of relative volumes gives the drop size
which determines the ccntent of liquid water in the cloud and is a dif-
ferent characteristic fyom the crdina y modal or most frequent drop

size. Tt is sometinmss wistakenly stated that the mei. ) dxop size in fmer-
ica is k0-50 micrens {dismeter), 1.e., largex than ours and Eurcpean
data {for example, this ~emark 13 contained in the work by Diem). When
cur ordinary distributicn curves are ~nnverted to relative volume cur-
ves. curves identical with Houghten®s are obtalned.

There ace many references in

We wonld like to make seversl cther ciarifying remarks on the water
it volume) and the con-

centent of cizuds {amcunt ~f Jiquid wster per vni
centration of dreps 1o them {nomber of 4rcps per unit volume ).

First, we point out that thers have teen few direct measurements of
these guantities and that the metheds used were no¥ perfect., Ordinerily,

these fwo values are determined together, 1i.e.. cpe of them is measured
and the cther is calsuiated from the known distridbution of drops or their

average size.
umber of drops per unit voluwe of
gh as 1,000 drops/cc ,

.

The first evaluations of the n
clouds were undoubtedly high. Somz figures ran 98 hi
and it wes gepersally sgreed +that the nuuber was ah least 500 {e.g., see
Obclenskiy’s Kurs Meteorologii). These figures were high because high
figures for vater contept were used in sddition %c some other factors.

d +hat the number of drops

Tllustrating these other factors, it wes assume
should correspond tc the nurber of ccndensation nuclel. It is well known
der considerable

however, thai counters of condensation nuclel operating un
supersaturations will show more nuslei than those actively perticipsting
in condensation processes in the stmesphere. In addition, because of coa~
iescence of drops, thelr mumber can often he considerably less than the
number ini’islly formed. Nevertheless, admitting the commensurekility of
these two quentities, ve alsn attempted to represent the possible concen-
tration of drops through the number of ceadensakion nuclel in processing
El'brus data. For this purpose, the average pumber of nuclei in clouds
and in the sbsence of clouds was determined for ths height, b ;250 m. Morm-
ing cbservations were used o exclude the effect of diurnsl bebavicr. The
number of auclei in ciouds proved tu be 130-250 per cc less than during
" cloudless days. Taking into ~onsideration the remerks above on coales-
cence of drops; & number of 200 per cc might te slightly high.

of his works that the number of drops in
clouds and fogs varies from 30 to 500. These values were apparently ob-
tained from water-content measurements. Similar celculations were made -
earlier from water-content measurements in the Alps. According to this
data, an average liguid water content of 1-2 g/cu m must have been used,

but this value is slightly high. The water content reaches several grams
per cubic meter only for intensive condensation end high temperatures;

most often, as later measurements showed, fractions of a gram of liquid
weter are contained in clouds in the free atmosphere (according to Diem,
for exsmple. the highest values were 0.k-0.6 g/cu. m and the r-lal value

was approximately 0.2 g/cu m).

5ti1l cre mere error i. calculations of the number
and that is that the modal size of the drop
om frequency curves is usually
ns, the entire spectrum of drops should be
ughton curve should
alsc leads to high values for the

Houg’: on staved in one

Finally, there is
of drops from water content,
r obtained from optical measurements or fr
used. For accurate calculatic
taken into consideration or the modal value from the Ho

be teken. The use of the simple ‘modal
numher of drops.
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For water content <f 0.2-0.3 g/cu m and sverage distridbution of
drops, the pumter cof drcps per wnit velums skould be around 100. Clouds

with high water content {3 g/cu m) ave sharscterized by higher modael )
vaiues fry drcp sizes and by the presence of very Large drops {with diam-

eters cof several scoxe microns), The latier pr'e.ct.ice.lly,determine the
water contert; the number cf drops iz such clouds may ve even less than
{n "smell-drop" clouds. The nly thing which might affect substantially

tke figure of 100 is ulfra microssopic dropliets (3 < 1 micron). They do
nct hove sny nohicesble sffect on water coptent, put their number may

sometimes be high.

che warar conient of clouds can be
found from the puwber > dreps per wpit velume and their distribution
with respect te size. This meihed of svsiuating the amsunt, of liquid
vater is suggested becausz up o tmis tiae the metncds used for direct
peasurements of the amount af 12 vid vwater in clouds are inaccurate and
it 1s assier to determine the concentyaticn of Arcps. '

As was menticued previcusly,

Tt is ewvident that the water contant of clouds, given the same num- !
ber of drops; depends strongly on theix 4t stxibotion, as illustrated by
the following example: the water content W is C.12 g/ cu m in St, assum-
distridusion curves {group I in the

fog 100 dzops/cc and simple form of

prccessed Elfbrus dats. vhereas tf 15 0 25 gfcu m for the same =lcuds
for ancther distributicr voup II, Figure 3}. These values also show
that in clouds with similsr drop distribution {ir Sk, Sc, Ac. Cu), the
water ccntent is nct over 1 g/ cu m even for a ccnsidersble nunber of drops

e.g.; 200 to 300 drops/ce.

Conclusicns

Cilzzification of the microstyutiure ~f clcud types is of great prac-
tical interest. Structuxal differences of different clouds are natural
since the morpholcgical cheracterd stics refiect the staie of the atmos-
phere. Bergercn appsrently tried to cr2ate a physiccgevetic classifica-
tion of clovds on this Tasis. Observaticpal results did not produce a
clear picture, howaver, pud Bergeron's claasificaticn was net confirmed.
The structural charactemistics apparently do nct depend uniguely on the
mecroprocesses which aetermire the externsl sppesrance of cleuds.

We cowld eplsc assume that the microstructure of clouds depends on
the physical characteristics of the etwosphere, i.e., temperature T, and
reiative f, sbsolute e, OF specific g humidity. Naturally, Qmax 15 low

for low temperatvres, and this mst affect cloud water content and con- i
sequently the size of drops {for the same number of condensation nuclel). F
Actually, there are indications in werks op aircraft icing thet gupercoolad
drops are very small at low temperatures; this is reflected in the form

end light intensity of icing.

Bricard ccmpared drop size with temperature and humldity, but did not
obtain any definite results. More accursteiy, he concluded that no re-
lationship exists for positive temperatures; he did not investigate the
relationship under neqative temperatures. It is also difficult to draw
any conclusions from the El'hrus observations in view of the slight temper-
ature fluctuations {from +2 o 4%}, The temperature amplitudes were
greater in Diem'’s airplane flights, but even here no dependence of struc-
tural charecteristics cn temperature was found. Of course, 1t 1s possible
that ‘for large temperature amplitudes the difference in moisture content
sffects the cloud water content. In general, however; the dependence of
cloud microstructure on temperature and humidity cennot be simple snd
direct. The intensity of the condevsation process end the water content
of the clovd thus formed 1s determined by the supply of water vapor and

the value of AE {=Ep - Ea | crested.
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For a given supply of water vapor, there must be scme most probable
drop size which varies very slowly with time; ccalescence processes
cause considersble .growth of the drcps in comparison with dp and especially
growth to the size of drizzle and raiun.

Thus, we must Jearch for & dependence of cloud microstructure on the
water vapor supply, and nct on the sbsolute values of T and q. The problem
of determining the supply of water vapor is in itself quite complex, but
it can be sclved for some partial cases. For example, for radiation fogs,
Kiryukhin (8. V. Kiryukhin, "The Intensity and Duration of Radiation Fogs s"
Trudy NIU GUGMS SSSR, Series 1, No 28, 1946) de%ermined water content from.
the drop in temperature below the dew point, copsidering the total molsture
content ccnstant thrcughout the existence of the fog. Kropotov (Ye. Kro-
potov, "Turbulent Transfer cf Water Vapor Through Inversion Layers and the
Icing Conditicuns of Aircraft in These Jyers Cconected With It," Izvestiya
Voyenno-Morskcy imeni Vorcshilov Akademii, No 7, 1941) gave & method for
calculating the supply of water vapcr near inversion layers. The latter
processed many scunding chservation on lcing; dbut unfortunately these ob-
servations did not include any data on clcud microstructure, and thus this
meterial cennot be used.

Future studies on cloud micrestructure shculd be crganized so that
rsal valuns for the supply of weter vaper and the gquantity A E can be ob-
tsined aleong with drop sizes. Messurements at different heights in the
game cioud are also important.

According to the distributicn curves of drops, it is apparent that
their size (dismeter) is no grester than 4C-50 microns, while the mecdal
values dy vary from 5 tc 20 microns. This is confirmation of the fact
that there are no important supersaturations in clouds, as is sometimes
assumed., Even at supersaturations of 1-2%, the condensation process, as
shown in Tsble 2, would provide s rapid grewth of all drops to a size
greatly exceeding the average size of clcud drops. Judging from the sta-
bility of the modal values, we can sssume only slight supersaturation
relative to the drops.

@ppended figures followj'
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